Escherichia coli chemoreceptors are type I membrane receptors that have a periplasmic sensing domain, a cytosolic signaling domain, and two transmembrane segments. The aerotaxis receptor, Aer, is different in that both its sensing and signaling regions are proposed to be cytosolic. This receptor has a 38-residue hydrophobic segment that is thought to form a membrane anchor. Most transmembrane prediction programs predict a single transmembrane-spanning segment, but such a topology is inconsistent with recent studies indicating that there is direct communication between the membrane flanking PAS and HAMP domains. We studied the overall topology and membrane boundaries of the Aer membrane anchor by a cysteine-scanning approach. The proximity of 48 cognate cysteine replacements in Aer dimers was determined in vivo by measuring the rate and extent of disulfide cross-linking after adding the oxidant copper phenanthroline, both at room temperature and to decrease lateral diffusion in the membrane, at 4°C. Membrane boundaries were identified in membrane vesicles using 5-iodoacetamidofluorescein and methoxy polyethylene glycol 5000 (mPEG). To map periplasmic residues, accessible cysteines were blocked in whole cells by pretreatment with 4-acetamido-4-maleimidylstilbene-2, 2 disulfonic acid before the cells were lysed in the presence of mPEG. The data were consistent with two membrane-spanning segments, separated by a short periplasmic loop. Although the membrane anchor contains a central proline residue that reaches the periplasm, its position was permissive to several amino acid and peptide replacements.
Escherichia coli chemoreceptors are type I membrane receptors that have a periplasmic sensing domain, a cytosolic signaling domain, and two transmembrane segments. The aerotaxis receptor, Aer, is different in that both its sensing and signaling regions are proposed to be cytosolic. This receptor has a 38-residue hydrophobic segment that is thought to form a membrane anchor. Most transmembrane prediction programs predict a single transmembrane-spanning segment, but such a topology is inconsistent with recent studies indicating that there is direct communication between the membrane flanking PAS and HAMP domains. We studied the overall topology and membrane boundaries of the Aer membrane anchor by a cysteine-scanning approach. The proximity of 48 cognate cysteine replacements in Aer dimers was determined in vivo by measuring the rate and extent of disulfide cross-linking after adding the oxidant copper phenanthroline, both at room temperature and to decrease lateral diffusion in the membrane, at 4°C. Membrane boundaries were identified in membrane vesicles using 5-iodoacetamidofluorescein and methoxy polyethylene glycol 5000 (mPEG). To map periplasmic residues, accessible cysteines were blocked in whole cells by pretreatment with 4-acetamido-4-maleimidylstilbene-2, 2 disulfonic acid before the cells were lysed in the presence of mPEG. The data were consistent with two membrane-spanning segments, separated by a short periplasmic loop. Although the membrane anchor contains a central proline residue that reaches the periplasm, its position was permissive to several amino acid and peptide replacements.
Escherichia coli has five chemoreceptors that guide cells to favorable environments (41, 47) . Four of these are methylaccepting chemoreceptors (MCPs) that bind periplasmic ligands and transmit this information across the membrane to the cytosolic two-component chemotaxis cascade. The fifth receptor, Aer, is an aerotaxis, energy, and redox sensor containing N-terminal PAS sensing and C-terminal signaling domains separated by a putative membrane anchor (1, 2, 52, 56).
Although not proven, several lines of evidence indicate that both PAS sensor and C-terminal signaling domains of Aer are cytosolic. (i) All known PAS domains are intracellular sensors (62, 68) . (ii) Native folding of the N-terminal PAS domain requires HAMP domain residues that are C terminal to the membrane anchor (18) . (iii) Mutations in the HAMP domain are suppressed by mutations in the PAS domain (65) . (iv) GFP fusions to Aer N termini (D. Salcedo and M. S. Johnson, unpublished data) or C termini (11) fluoresce. Since GFP fluoresces in the cytosol but not in the periplasm (11) , both N and C termini are likely cytosolic. Thus, a topology similar to that of MCPs, where the sensor is periplasmic and the signaling region is cytosolic, is not likely.
Aer has just one hydrophobic segment long enough to span the membrane. The region exhibits several hallmarks consistent with two membrane-spanning segments separated by a hairpin loop. These include ϳ38 consecutive hydrophobic residues, a central proline (P186), and flanking N-and C-terminal arginines (Fig. 1) . It is known that successive positively charged residues near the boundaries of a transmembrane (TM) segment tend to be cytoplasmic, whereas negatively charged residues near boundaries of a TM segment tend to be exported (10, 14, 29, 59 ). Furthermore, central proline residues in model systems can convert a 40-residue single membrane-spanning hydrophobic polymer into two membrane-spanning helical segments (44) . However, the central Pro186 present in E. coli Aer is not conserved in other Aer proteins, so its influence may not be important for membrane topology. From a survey of known membrane protein structures (19) , the length of the Aer membrane anchor meets the minimum requirements to span the membrane once, extrude into the periplasm, and return to the cytosol (Fig. 1) . However, a number of other conceivable structures (e.g., parallel to the bilayer surface) could occur if this segment were unable to span the membrane twice (54, 55) .
To determine the overall topology of the Aer homodimeric protein, we used a cysteine-scanning approach with whole cells (33) and with membrane vesicles (3, 23, 35) . We estimated the proximity of cognate cysteine replacements by measuring the rate and extent of dimer formation after the addition of the oxidant copper phenanthroline. Membrane boundaries were identified by using a series of sulfhydryl-reactive probes (3, 23, 35) . We show that the Aer membrane anchor spans the membrane twice and contains a central, flexible loop that faces the periplasmic space. However, the orientation between cognate transmembrane helical faces could not be identified, due to the sparse cross-linking within the membrane core.
FAbloc was from Centerchem (Norwalk, CT); and N-ethyl maleimide (NEM) was purchased from Sigma (St. Louis, MO).
Membrane prediction algorithms. The membrane-spanning segments of Aer were predicted by analyzing the entire Aer sequence with the following programs: MEMSAT (25, 27) , DAS (8) , PHDhtm (57, 58) , TopPred (7, 64) , TMHMM (30) , TMpred (21), HMMtop (version 2.0) (63), TMAP (50, 51) , TMfinder (12), PRED-TMR (49), SPLIT 4.0 (28) , and SOSUI (20) .
Bacterial strains and plasmids. BT3312 (aer tsr) (56) is a derivative of E. coli strain RP437, which is the wild type for aerotaxis (48) . Plasmid pMB1 is a cysteine-negative (C-less; Aer-C193S/C203A/C253A) derivative of pGH1 (wildtype Aer) (52) and was derived by digesting pGH1 with SmaI and SalI and replacing Aer by a C-less Aer construct previously engineered in pSB20 (2, 38) . Both pGH1 and pMB1 are derivatives of pTrc99A, under the control of the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible p trc promoter (52) .
Single-cysteine replacements in the membrane anchor region (residues 163 to 210) of Aer were made in pMB1 using the Quik Change site-directed mutagenesis kit from Stratagene (La Jolla, Calif.). Each plasmid was transformed by heat shock into BT3312. Expression of the Aer protein was confirmed by Western blot analysis using antisera against Aer (56) , and the mutation was confirmed by DNA sequencing. All cysteine replacement constructs were inoculated on semisolid succinate swarm plates containing ampicillin (100 g ml Ϫ1 ) to assess aerotactic behavior as described previously (2) .
In vivo cross-linking using copper phenanthroline. Cells expressing singlecysteine replacements were grown in H1 minimal salts medium supplemented with 30 mM succinate, 0.1% Casamino Acids, and ampicillin (100 g ml Ϫ1 ) and induced with 50 M IPTG. Cysteine cross-linking using copper phenanthroline was performed as described by Lee et al. (32) with the following modifications. Unless otherwise stated, the standard reaction was carried out at 23°C for various time intervals (0, 2, 5, 10, and 15 min) and quenched with a stop solution containing a 2.5 mM final concentration of NEM (32) . To limit lateral diffusion of Aer in the membrane, a parallel reaction was carried out at 4°C with cells and oxidant that had been precooled separately at 4°C for 10 min prior to initiation of the reaction. After 20 min at 4°C, the reaction was quenched with stop solution containing NEM (as above) and incubated for an additional 10 min at 4°C before being boiled. Samples were run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under nonreducing conditions and Western blotted. A control was used to test for artifactual cross-linking during the denaturation step by incubating cells with 2.5 mM NEM prior to oxidation with copper phenanthroline. The percentage of cross-linking was calculated by dividing the intensity of the cross-linked dimer band by the sum of the intensities of the monomer and dimer bands, multiplied by 100. BT3312/pGH1 (38) and BT3312/ pMB1 were used as positive and negative cross-linking controls, respectively. The extent of cross-linking for 10 min at 23°C and 20 min at 4°C was compared for all cysteine replacements.
Preparation of membrane vesicles. Bacterial membranes containing wild-type or mutated Aer receptors expressed at approximately 10% of the total membrane protein were prepared as previously described by Butler and Falke (4) with several modifications. Five milliliters of overnight cultures was inoculated into 250 ml of H1 minimal salts medium. Cultures were shaken at 30°C, induced with 0.6 mM IPTG at an optical density at 600 nm of 0.4, and grown for an additional 3 h. Cells were harvested by centrifugation at 10,000 ϫ g for 10 min at 4°C and resuspended in 4 ml of low-salt buffer (100 mM sodium phosphate [pH 7.0], 10% glycerol, 10 mM EDTA, 1 mM 1,10-phenanthroline containing freshly added 46 mM dithiothreitol [DTT] , and 2 mM PEFAbloc). Cells were disrupted by three freeze-thaw cycles, lysed by sonication (Branson Sonifier cell disrupter 200) at 60% power (three 15-s bursts with 45-s pauses) in an ice-salt bath, and centrifuged at 12,000 ϫ g for 20 min at 4°C. Membranes were pelleted by centrifugation at 485,000 ϫ g for 20 min and washed three times as follows. Membrane pellets were resuspended by sonication in high-salt buffer 1 (20 mM sodium phosphate [pH 7.0], 2 M KCl, 10% glycerol, 10 mM EDTA, 1 mM 1,10 phenanthroline containing freshly added 5 mM DTT, and 2 mM PEFAbloc), pelleted, resuspended in high-salt buffer 2 (without DTT or 1,10-phenanthroline), pelleted, resuspended in final buffer (with no DTT; 1,10-phenanthroline; or KCl), pelleted, resuspended in 200 l of final buffer, aliquoted, frozen in a dry iceethanol bath, and stored at Ϫ80°C. The concentration of protein in the membrane was measured by a BCA (bicinchoninic acid) assay (Pierce Chemical) using bovine serum albumin as the standard. Frozen membrane preparations were diluted to the required concentration with final buffer prior to use.
Accessibility studies with 5-IAF. These experiments were modifications of the protocol described by Boldog and Hazelbauer (3) . Membrane vesicles containing between 5 and 15 g of protein in 12 l of final buffer were incubated with 5-IAF (500 M in dimethyl formamide) in the presence and absence of 1% SDS to label the denatured and native forms of the protein, respectively. The SDS-treated reaction mixture was boiled for 5 min, whereas the native sample was incubated at 23°C for 5 min. Both reactions were stopped by the addition of 10 l of SDS sample buffer containing 5% ␤-mercaptoethanol. Samples were boiled for 5 min and subjected to SDS-PAGE. Immediately after electrophoresis, wet gels were analyzed for fluorescein fluorescence with an Alpha Innotech gel documentation system with a UV light box. The total protein in each Aer-5-IAF band was estimated by staining the gel with Coomassie blue. The percent accessibility for each residue was calculated by taking the ratio of native to denatured Aer fluorescence, dividing by the ratio of native to denatured Aer protein, and multiplying by 100.
Accessibility studies with mPEG. Between 4 and 6 g of membrane vesicles in 13 l of final buffer was incubated with mPEG (5 mM final concentration). Parallel reactions of native proteins were carried out at 23°C and at 4°C for 1 h. The reactivity of the denatured forms was determined in the presence of 1% SDS at ϳ100°C for 5 min. Reactions were stopped by the addition of 6.75 l of SDS sample buffer containing 5% ␤-mercaptoethanol. Samples were boiled for 5 min, run on SDS-PAGE, and Western blotted. Accessibility to mPEG was measured by comparing the accessibilities under native and denaturing conditions.
Preblocking accessible cysteines with AMS in intact cells. Whole intact cells with single-cysteine replacements in the membrane anchor were incubated with or without AMS (8 mM final concentration) in final buffer for 45 min at 23°C. Unreacted AMS was removed by three washes in final buffer before the cells were disrupted for 4 min at 100°C, immediately after the addition of SDS and mPEG to a final concentration of 1% and 10 mM, respectively. The lysate was incubated for another 15 min at 23°C before the reaction was stopped with 10 l of SDS sample buffer containing 5% ␤-mercaptoethanol. Samples were boiled for 5 min, run on SDS-PAGE, and Western blotted. 
RESULTS
TM segments and secondary structure prediction of the membrane anchor region. Twelve membrane protein prediction programs were used to predict Aer membrane topology, but there was no consensus among these algorithms. Nine programs forecasted just one transmembrane helix: MEMSAT, residues 183 to 204 (25, 27) ; DAS, residues 168 to 203 (8); PHDhtm, residues 173 to 197 (57, 58) ; TopPred, residues 167 to 187 (7, 64) ; TMHMM, residues 172 to 194 (30); TMpred, residues 169 to 188 (21); HMMtop, version 2.0, residues 171 to 195 (63); TMAP, residues 164 to 192 (50, 51) ; and TMfinder, residues 166 to 204 (12) . Three of the programs predicted two TM helices: PRED-TMR, residues 167 to 185 (TM1) and residues 187 to 204 (TM2) (49); SPLIT 4.0, residues 165 to 183 (TM1) and 187 to 207 (28); and SOSUI, residues 166 to 188 (TM1) and 196 to 218 (TM2) (20) . The secondary structure for this region was also analyzed. Jpred 2 (9) and PSIpred (26), which predict secondary structures most reliably from multiple sequence alignments such as those from PSI-BLAST searches (39, 40) , predicted a helix-loop-helix for this membrane anchor region.
In vivo cross-linking of single-cysteine replacements in the membrane anchor. To analyze the structure of the membrane anchor of Aer, we employed a cysteine disulfide cross-linking approach (31, 43, 46) . Wild-type Aer has three native cysteines at positions 193, 203, and 253. A construct missing the three native cysteines (C-less), encoding Aer-C193S/C203A/C253A (38) , was cloned into pTrc99A to create plasmid pMB1 (Materials and Methods). C-less Aer mediated aerotaxis on succinate swarm plates and was therefore functional. Plasmid pMB1 was used to introduce a single cysteine at desired positions, to create a series of Aer mutants with cysteines that spanned residues 163 to 210. This segment included the predicted membrane anchor and the bordering residues. All 48 single-cysteine replacements, including residues 163 to 210, mediated aerotaxis in E. coli BT3312 (aer tsr) when inoculated on semisolid succinate agar, indicating that these cysteine replacements did not significantly alter receptor function (data not shown).
The rates and extent of cysteine cross-linking in response to the oxidant copper phenanthroline reflect the proximity of these residues in cognate subunits of Aer and/or the flexibility of the region (16, 22, 31) . Once formed, the dimers can be separated from non-cross-linked monomers by SDS-PAGE under nonreducing conditions and visualized after Western blotting.
Initially, the rates of in vivo cross-linking after copper phenanthroline treatment at 23°C were determined. The rate plots for cross-linked cysteines fell into two major categories, distinguished by the presence (residues 184 to 188, 205, 208, and 209), or absence (residues 171, 173, 176, 182, 183, 191, 197 , and 203) of visible cross-linking within 2 min. Once visible, however (with the exception of A184C and V187C) ( Fig. 2A  and B) , the formation of the dimer product increased linearly until approximately 15 min (see, e.g., F182C and V209C) ( Fig.  2A) . Residues A184C and V187C were unique in both the rate and extent of cross-linking. A184C cross-linked most rapidly, and the reaction was nearly complete within 2 min ( Fig. 2A and  B) . V187C exhibited noticeable cross-linking in the absence of oxidant ( Fig. 2A and B, 0-min time point) , suggesting that this residue might be located in an oxidative environment. With these exceptions (A184C and V187C), the 10-min time point was in the linear range for all constructs, and this incubation time was used for overall comparisons, as represented by the Western blots shown in Fig. 2C . The positive control, Aer-WT, contained three native cysteines, two of which can cross-link (C203 in the membrane anchor and C253 in the HAMP domain) (38) ; the negative control, Aer-pMB1, had no cysteines.
A contour plot generated by the PSA server at Boston University (Fig. 3A) (60, 61, 66 ) is a convenient way to show the probability of the helix-loop-helix secondary structure in the membrane anchor region (37) . The bar graphs below this contour plot (Fig. 3B and C) are summaries of the cross-linking data from three or more independent experiments. At 23°C (Fig. 3B) , multiple residues cross-linked between cognate monomers (within a dimer) with no obvious periodicity. However, there was strong cross-linking in consecutive residues from F182C to V188C, consistent with close proximity and/or high flexibility in this region and supporting the loop structure predicted in the PSA contour plot (Fig. 3A) . In reality, cross-linking between monomers might not represent close proximity between cognate residues but could occur from random collisions of receptors diffusing laterally through the lipid bilayer. To limit lateral diffusion, we repeated the cross-linking analysis at 4°C (Fig. 3C) , which is well below the lipid-phase transition temperature of approximately 18°C in E. coli (45) . To accommodate the decrease in kinetics at this temperature, the reaction time was increased from 10 min to 20 min. At 4°C, there was a low level of cross-linking in the putative TM segments, but similar cross-linking (to that of 23°C) in consecutive residues of the central loop (184 to 188), consistent with flexibility in this region. Notably, A184C and V187C still cross-linked at high levels, indicating close proximity between neighboring residues at these positions.
Mapping membrane boundaries with 5-IAF and mPEG.
To map the boundaries of the Aer protein in the E. coli cytoplasmic membrane, we measured the surface accessibility of substituted cysteine residues by using sulfhydryl-reactive probes. The reagent 5-IAF is membrane impermeable and should not therefore react with integral membrane residues (3). Mixed membrane vesicles expressing Aer single-cysteine replacements at residues 163 to 210 were reacted with 5-IAF for 5 min at 23°C, and the percentage of fluorescence associated with native Aer relative to denatured Aer was determined (Fig. 4) .
Representative gels showing the extent of 5-IAF labeling of single-cysteine replacements under denaturing and native conditions are shown in Fig. 4A . Coomassie blue-stained gels, showing the relative levels of protein in each lane, are displayed below the respective negative image of the same 5-IAFlabeled gel. There was a notable artifact under denaturing conditions with 5-IAF-treated membranes. The negative control lacking Aer (aer negative) showed apparent 5-IAF labeling under denaturing conditions and considerably less (but observable) labeling under native conditions (Fig. 4A) . This indicated To overcome the inherent background labeling with the 5-IAF probe, membrane boundaries were reanalyzed in membrane vesicles by using another hydrophilic sulfhydryl-reactive reagent, mPEG (35) . This reagent has an actual molecular mass of 5 kDa, but Aer-mPEG complexes exhibited an apparent molecular mass increase of ϳ10 kDa higher than that of unreacted Aer (Fig. 4C) , so the two forms could be separated by SDS-PAGE and analyzed on Western blots. As shown in the representative Western blots of Fig. 4C , the Aer monomer and Aer-mPEG forms were easily distinguishable (e.g., residues 184, 187, and 206), and there was no background signal from membranes that lacked Aer. However, as previously reported (38) , an ever-present Aer proteolytic fragment was visible (Fig.  4C) .
The lower background noise of this method allowed us to increase the protein loaded into each lane to maximize the threshold at which we could visualize Aer-mPEG complexes. As shown in Fig. 4C , residues predicted by the 5-IAF studies to be membrane embedded, such as T189C, 193C, and A194C, showed no reactivity to mPEG in native membranes. However, residues predicted to be near the membrane aqueous interface, such as A184C, V187C, and W206C, had high levels of reactivity with mPEG. To eliminate the possibility of slow diffusion into the membrane, experiments were performed in parallel with mPEG at 23°C and at 4°C for 1 h. At 4°C, mPEG does not cross membranes when incubated for 24 h (35) .
A summary of the membrane boundaries determined by PEGylation at 23°C and 4°C are marked above the bar graph in Fig. 4B . As expected, more residues were accessible to mPEG at 23°C than at 4°C, and boundary demarcations were similar but not identical to those identified by 5-IAF. However, the combined data were consistent with a membrane anchor that has two membrane-spanning segments and a short periplasmic loop. The N-and C-terminal boundaries would represent the cytosolic membrane interface and the central loop boundaries would delineate the periplasmic membrane interface.
Depending on the temperature and the particular sulfhydrylreactive probe (Fig. 4B) , the first membrane-embedded residue after the N-terminal cytoplasmic domain was 164 (5-IAF; 23°C), 165 (mPEG; 4°C), or 167 (mPEG; 23°C), and the last membrane-embedded residue before the C-terminal cytoplasmic domain was 202 (mPEG; 23°C) or 205 (5-IAF, 23°C; mPEG, 4°C). The higher accessibility of mPEG at 23°C suggested that the maleimide group of mPEG might penetrate further into the membrane than 5-IAF. Whether this was due to an inherent difference in hydrophobicity or caused by the difference in incubation time, which was 1 h for mPEG and 5 min for 5-IAF, is not known.
Similar temperature and reagent differences were evident for the central loop region, which was expected to be periplasmic. The last membrane-embedded residue before the loop was 181 (mPEG; 23°C) or 183 (5-IAF, 23°C; mPEG, 4°C) and the first membrane-embedded residue after the loop was 188 (mPEG; 4°C), 189 (5-IAF; 23°C), or 190 (mPEG; 23°C). Taken together, the maximum lengths of the transmembrane segments include residues 164 to 183 for TM1 and 188 to 205 for TM2.
The central flexible loop is periplasmic. Although the accessibility data and the predicted secondary structure of the membrane anchor indicated that the central loop was periplasmic, we could not exclude unusual topologies wherein the flexible loop was cytoplasmic, since both sides of these vesicles are accessible to sulfhydryl reagents (3). To verify that the flexible loop was periplasmic, we used an in vivo approach with AMS (23, 35) , a small hydrophilic sulfydryl-reactive reagent that can transverse the outer membrane porins but cannot cross the inner membrane. We pretreated intact cells with AMS to block accessible periplasmic cysteines from subsequent reactions with mPEG under denaturing conditions.
As shown in Fig. 5 , residues A184C and V187C were completely blocked from PEGylation by AMS, indicating that these residues are fully exposed to the periplasmic environment. Thus, the central flexible loop was periplasmic and not cytosolic. However, residues A185C and P186C, which were accessible to both 5-IAF and mPEG in membrane vesicles, were not totally blocked by AMS (Fig. 5) .
The sequence of the Aer periplasmic loop is not critical for function. The Aer-P186C replacement was functional, indicating that Pro186 was not absolutely required at this position. To further investigate amino acid stringency at this position, Pro186 was replaced by amino acid residues Arg, Ser, Phe, Trp, Ala, and Asp. All replacements were functional in aerotaxis on semisoft succinate agar, indicating that this site was not critical for activity (data not shown). The site was also permissive to short insertions, as a Ser-Gly-Ser replacement of Pro186 and an Arg-Pro-Arg-Ile insertion between residues 185 and 186 (36) showed aerotaxis. The low level of amino acid stringency and permissiveness to insertions at this site are consistent with a region that is both near the membrane (for shielding hydrophobic residues) and accessible to the periplasm (when accommodating charged residues or insertions). 
DISCUSSION
These data are consistent with a model in which the membrane anchor of Aer forms two membrane-spanning regions (TM1 and TM2) flanking a central periplasmic loop. Such a model supports previous studies indicating that both the Nterminal PAS domain and the C-terminal HAMP and signaling domains are cytosolic (11, 18, 62, 65, 68) .
Nine of the 12 membrane protein structure prediction programs that were tested failed to predict two transmembrane segments for the 38 residues that were previously predicted to form the Aer membrane anchor (1, 2, 52, 56) . The best prediction methods can correctly identify all membrane helices in only 50% to 70% of proteins with known structure (6). Moreover, developers may overestimate the accuracy of their methods by 15% to 50% (5). PRED-TMR (49), SPLIT 4.0 (28) , and SOSUI (20) were the only programs tested that predicted two transmembrane segments, although SOSUI predicted spans that were inconsistent with this study. Of note, a recent study in which the C termini of 601 E. coli inner membrane proteins were tagged with alkaline phosphatase and green fluorescent protein correctly predicted a cytosolic location for both the N-terminal and C-terminal ends of Aer (11) .
An in vivo cysteine cross-linking strategy was used to study the proximity of the transmembrane segments between cognate monomers within the Aer dimer (31, 38, 43, 46) . Several consecutive residues (182 to 188) flanking Pro186 in the central region of the membrane anchor cross-linked strongly at 23°C (Fig. 3B) , indicating that this segment was highly flexible. Moreover, residues 184 to 187 cross-linked strongly at 4°C (Fig. 3C) , suggesting that the cross-linking was due to proximity between monomers and not to random collisions from laterally diffusing receptors in the membrane. In E. coli, the lateral diffusion of membrane proteins decreases markedly below 18°C, which is the lipid-phase transition temperature (45) . An example of this temperature effect was shown for lactose permease, where strong cross-linking that occurred from random collisions between monomers at room temperature was markedly inhibited at 0°C during 1-h incubations (17) .
Unlike the central loop region, there was sparse cross-linking in the TM1 and TM2 segments. Moreover, residues that cross-linked did not show the periodicity one would expect for close interactions between cognate helices (33) . Several explanations for low cross-linking levels and lack of periodicity are possible. (i) The relative tilt of the cognate transmembrane helical segments, driven by the solvation of side chains at the membrane boundaries (54, 55), may limit cross-linking. (ii) The nearest helix-helix interactions might occur through TM1-TM2 or TM1-TM2Ј segments rather than via TM1-TM1Ј and TM2-TM2Ј segments. That said, the sequence of amino acids in the transmembrane segments of Aer did not show periodic variations in polarity, as one might expect for TM-TM interactions. This is consistent with the low level of sequence conservation found in the membrane anchor region. In general, residues facing outward toward the lipids are considerably more hydrophobic than those facing inward, toward the other helix(es) in the membrane (53) , opposite of that seen in aqueous environments. (iii) Helix-helix interactions may not be exclusively intradimeric; some residues may cross-link within a dimer while others cross-link between dimers in a trimer of dimers unit. Preliminary evidence indicates that this is the case (D. N. Amin, unpublished data). (iv) Membrane-spanning segments might form a ␤-sheet rather than a helix. This scenario is unlikely, as secondary structure programs predicted ␣-helices for this region, and ␤-sheets are generally found in pore proteins, as well as being amphipathic. Helices form spontaneously when a hydrophobic sequence inserts into a membrane bilayer, due to the free energy of hydrogen bonding between the polar backbone carbonyls and amide groups (15) .
Membrane boundaries were mapped in vitro by determining the accessibility of the cysteine replacements to the membraneimpermeable sulfhydryl-reactive probes 5-IAF and mPEG. The mPEG probe had the advantage of specificity, as PEGylated Aer could be discriminated from unmodified Aer on Western blots. For in vivo studies, we preblocked accessible cysteines with the periplasm-accessible, membrane-impermeable, sulfhydryl-reactive probe AMS before reacting solubilized cells with mPEG. The accessibility of residues in the flexible loop to 5-IAF and mPEG and the blocking of residues 184 and 187 in vivo with AMS indicate that this loop is in the periplasm. The combination of strong cross-linking and accessibility indicates that the loop is dynamic. Otherwise, an inverse relationship between cross-linking and accessibility would be expected. Interestingly, residues 185 and 186 were accessible to 5-IAF and mPEG but not to AMS. One possible explanation for this difference is that AMS is more selectively excluded from the membrane surface than is 5-IAF or mPEG. In this case, residues 185 and 186 would be proximal to the periplasm but would not protrude into the periplasm. Alternatively, the presence of a membrane potential in whole cells or other changes occurring during the preparation of membrane vesicles could alter the local topology and shield these residues from the aqueous phase.
Accessibility studies indicated that the membrane cytosolic boundaries lay between residues 164 and 167 for TM1 and between residues 202 and 205 for TM2. Residues 163 and 206 were accessible to all probes under all conditions (23°C and 4°C). Notably, residues 163 and 206 are tryptophans in native Aer. Tryptophans are well known for stabilizing membraneaqueous boundaries (13, 67) . Given their hydrophobic nature, it is likely that these native tryptophan residues reside at the membrane boundary interface rather than protrude into the cytosol, as occurred for their cysteine replacements.
From the cysteine accessibility data, the maximum lengths of the transmembrane regions would include 20 residues for TM1 (from 164 to 183) and 18 residues for TM2 (from 188 to 205). The value for TM2 is close to the average length (17.7 residues or 27 Å) (19) for a membrane helix that spans the hydrophobic part of the bilayer. The absolute minimum lengths for these segments would include 15 residues for TM1 (167 to 181) and 13 residues for TM2 (190 to 202). These lengths are untenable if a helical structure is assumed, as they would not span the membrane (27 Å). As stated for the AMS probe, variations in accessibility between 5-IAF and mPEG sulfhydryl probes may also represent differences in the ability of these probes to penetrate the membrane surface. The estimates for the maximum TM1 and TM2 lengths appear reasonable and, as stated, are supported by the presence of tryptophans at residues 163 and 206.
The central loop between TM1 and TM2 contains a non- conserved proline residue; prolines are established helix breakers in globular proteins (34) . In model membrane systems, a single proline residue can change a 40-mer hydrophobic peptide from a single membrane-spanning helix into two membrane-spanning helices (44) . However, in membrane segments, prolines may often stabilize the helical structure (34) , and bends within membrane regions generally require more than one proline unless a glycine residue is spaced four residues away (24) . Previously, we found that Aer was functional after a tetrapeptide (RPRI) had been inserted between residues Ala185 and Pro186 (36) . In the present study, we found that amino acid replacements at Pro186 in Aer did not abolish the function. In addition to the Cys replacement, Aer was functional when Pro186 was replaced by polar (S), charged (D and R), or aromatic (F and W) residues, as well as with a tripeptide (SGS). These data and the fact that Pro186 is not conserved in other Aer receptors indicate that proline is not necessary to form the two transmembrane segments. Moreover, since the loop was permissive to short peptide inserts, the region must not be directly involved with signaling. In summary, the Aer membrane anchor in E. coli forms two transmembrane segments that flank a central short periplasmic loop. The loop itself does not appear to be involved in signal transduction. Whether the function of the membrane anchor is to localize Aer to the membrane, maintain registry between N-terminal PAS and C-terminal signaling regions, or be actively involved in signaling like the MCPs (13, 42) remains to be determined.
